The properties of O/W emulsions can be improved by the addition of nanomaterials. To explore the influence of organically intercalated montmorillonites (OMts) on the properties of O/W emulsions, we introduced an OMt into a nanoemulsion as a co-stabilizer with the quaternary ammonium Gemini cationic surfactant 
Introduction
Nanoemulsions are dispersions of oil in water or water in oil with the general size range of 50-200 nm. Unlike microemulsions, nanoemulsions are not thermodynamically stable. However, nanoemulsions typically have long-term kinetic stability that allows them to resist aggregation and overcome gravity because of their small droplet dimensions.
1,2 Due to their potential advantages over conventional emulsions, nanoemulsions have attracted signicant attention in the food, 3 cosmetic, 4 and pharmaceutical industries 5, 6 as well as in enhanced oil recovery (EOR). [7] [8] [9] [10] [11] [12] It has been proposed that the properties of emulsions can be enhanced using nanoparticles.
10,13,14 Pei 10 and N. Kumar 13 investigated the synergistic effects of silica nanoparticles and surfactants in stabilizing the oil-in-water (O/W) emulsions. The results showed that the stability of the emulsion was enhanced by the addition of nanoparticles. Jahandideh et al.
14 investigated the effect of the nanoparticle/costabilizer synergy of graphene oxide-polyacrylamide on the stability of oil-in-water emulsions; they proposed that the localization of graphene oxide-polyacrylamide (GO-PAM) complexes and ocs at the interface signicantly slowed down the creaming rates and enhanced the stability of the emulsion. Organically intercalated montmorillonites (OMt) are another widely used nanomaterial. Natural montmorillonites are lamellar crystals that oen exhibit platelet morphology. Since the interactions between layers in the z direction are weak, they can undergo intercalation and exfoliation by guest molecules. 15 In the past few decades, intercalated and exfoliated montmorillonites have been extensively used for the preparation of polymer nanocomposites. Currently, some studies have reported that these montmorillonites can also be used as stabilizers for emulsions due to their large-aspect-ratio plate-shaped particles that create a mechanical barrier to prevent coalescence.
15-18
The morphology and the interactions of clay platelets with nanoemulsion droplets have also been investigated in previous studies.
19 -21 It has been reported that the distribution of clay platelets is inuenced by their surface properties.
In this study, we aimed to investigate the inuence of organically intercalated montmorillonites (OMt) on the properties of oil-in-water nanoemulsions. In previous studies, it has been reported that the stabilization of a nanoemulsion can be enhanced by cationic surfactants. 22, 23 Since these surfactants can also be used as an intercalation agent for montmorillonites, in this study, we have used a quaternary ammonium Gemini surfactant (G16-2-16) as an intercalation agent as well as an emulsion costabilizer with lauryl polyoxyethylene ether (Brij 30) and OMt. At rst, we prepared O/W nanoemulsions using OMt-G16-2-16-Brij 30 as stabilizers by the low-energy phase inversion composition (PIC) method. The experiments were performed using G16-2-16 at two different concentrations and OMt at three different concentrations. , as shown in Fig. S1 in the ESI †). Deionized water was used in this study.
Preparation of the organically intercalated montmorillonite suspension
The organically intercalated montmorillonite (OMt) suspension was prepared according to a previously reported protocol. 24, 25 In a three-necked ask, 3.0 g of pristine montmorillonite (Na-MMT) was dispersed in 100 mL of deionized water for 30 min. The intercalating agent G16-2-16 (0.4 g, equal to $0.27 CEC) was dissolved in 25 mL of deionized water before its addition to a threenecked ask and then stirred for 8 h at 80 C. To maintain the amphiphilicity of OMt and disperse it well in water, the amount of the cationic intercalant was set at 0.2 CEC; aer completion of the cation exchange reaction, a part of the OMt suspension was ltered and dried under vacuum for XRD measurement; the remaining OMt suspension sample (solid content ¼ 2.85% w/v) was sealed and stored for emulsion preparation.
Preparation of nanoemulsions
Before emulsication, the surfactants Brij 30 (1.28 g) and G16-2-16 and the OMt aqueous suspension were dissolved in the oil phase (Paraffin liquid, 1.6 g) under magnetic stirring. The surfactant-oil mixture and the 0.01 M NaCl aqueous solution (47 mL) were separately placed in a water bath at 70 C. Then, the water phase was added dropwise to the surfactant-oil mixture solution in the water bath. Aer emulsication, the samples were cooled down at ambient temperature ($20 C). The composition of the nanoemulsions is presented in Table S1 in the ESI. † In this study, the OMt and surfactant concentrations were denoted as the mass percent per total sample volume (% w/v).
Characterization X-ray diffraction (XRD) patterns of the MMt and OMt samples were acquired via the Bruker D8 Advance X-ray diffractometer (STADI P, Germany) using nickel-ltered Cu-Ka radiation (l ¼ 0.154 nm). The diffraction angle (2q) was set in the range from 1.5 to 10 at the scanning rate of 2 per minute. The size and the zeta potential of the nanoemulsion droplets were measured by dynamic light scattering using Malvern Zetasizer Nano ZS, with the laser wavelength of 633 nm and the scanning angle of 173 at 25 AE 0.1 C. The Debye-Hückel equation was used to calculate the zeta potential from the mobility. The morphology of the nanoemulsions was investigated by TEM using the JEM-2100 (JEOL, Japan) transmission electron microscope. To facilitate the observation of the emulsion droplets, 2 wt% phosphotungstic acid salt solution was deposited on the dried TEM samples for negative dyeing. Then, 5 (2) drops of the nanoemulsion sample were added to 15 mL of deionized water before conducting the DLS (TEM) measurements. Turbiscan Lab Expert (Formulaction, France) was used to monitor the transmission signal of the nanoemulsions at different temperatures. The conductivity of the nanoemulsion was measured as a function of temperature using the Leici DDS-307A (INESA Scientic Instrument Co., Ltd, China) conductivity meter and a Pt/platinized electrode with the cell constant of 1.007. The interfacial tensions of the interfaces between crude oil and the nanoemulsions were determined by a pendant drop experiments at 45 C using the TX-500C interface tensiometer (Shanghai Zhongchen Digital Technology Equipment Co., Ltd., China). Fig. 1 displays the X-ray diffraction (XRD) patterns of the pristine Na-MMT and G16-2-16-intercalated OMt. The interlayer spacings of the Na-MMT and OMt were calculated according to the Bragg's equation.
Results

XRD
where n is the reection order (n ¼ 1), l is the wavelength of Xrays, d is the interlayer spacing (nm) of the Na-MMT and OMt, and 2q is the diffraction angle ( ). The diffraction peak of Na-MMT is located at 2q ¼ 7. 
Conductivity and zeta potential
The effects of OMt on the conductivity of the nanoemulsions were investigated, as shown in Fig. 3 . In both cases, in the tested temperature range 25-92 C, the conductivity underwent a drastic decrease to a minimum value and then increased with an increase in temperature. For the nanoemulsions with 0.15% w/v G16-2-16 ( Fig. 3a) , the minimum value of conductivity was reached in the range of 65-70 C. For the nanoemulsions with 0.20% w/v G16-2-16 ( Fig. 3b) , the minimum value of conductivity was achieved at higher temperatures (around 80 C). The effects of temperature on the conductivity of nanoemulsions have also been discussed in previous studies. 27, 28 With an increase in temperature, the nonionic Brij 30 became more lipophilic and led to an increase in size of the non-conducting oil droplets. Consequently, the NaCl concentration was diluted by a factor (1 À f 0 ), and, additionally, the conduction of small ions was obstructed by the non-conducting droplets; this resulted in a signicant decrease in conductivity. With a further increase in temperature up to 90 C, the conductivities of all the nanoemulsions were observed to rapidly increase above the minimum values. This may be attributed to the fact that the structure of the nanoemulsions changes to a bicontinuous structure. In addition, note that the conductivity values for the nanoemulsions with 0.15% w/v and 0.20% w/v G16-2-16 at the minimum point varied with the increasing OMt loading. This indicates a different interaction of the OMt with the surfactants and the droplets, and the mechanism of this phenomenon needs further investigation. The zeta potential of the nanoemulsions was determined by DLS using the Malvern Zetasizer ZS instrument at 25 C, as shown in Fig. 4 and Table S1 (ESI †). When the zeta potentials of the nanoemulsions with different concentrations of G16-2-16 and OMt were compared, a common feature was observed: all the nanoemulsions were positively charged. The variation trend of the zeta potential curves for the two G16-2-16 concentrations is similar with the increasing OMt loading, as seen in Fig. 4 . Specically, the zeta potential of the nanoemulsions with 0.20% w/v G16-2-16 was higher than that of the nanoemulsions with 0.15% w/v G16-2-16, which was positively correlated with conductivity. With an increase in the OMt loading, the zeta potential rst undergoes an increase and then decreases with the further addition of OMt. The zeta potential reaches a maximum value at the OMt loading of 1.7 Â 10 À3 % w/v. When the addition amount of OMt reached 6.8 Â 10 À3 % w/v, the zetapotential of the nanoemulsions showed a slight increase again. The addition of nanoparticles increased the absolute value, and this phenomenon was also described in other study.
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Emulsion morphology characterization
The morphology of the nanoemulsions (at $25 C) was investigated by TEM, as shown in Fig. 5 . For the nanoemulsions without OMt ( Fig. 5a and d) , the oil droplets were spherical, and the diameter of the droplets was in the range of 25-30 nm. Upon adding a small amount of OMt (3.4 Â 10
À3
% w/v) to the nanoemulsions with 0.15% w/v G16-2-16 ( Fig. 5b) , the nanoemulsion maintained a spherical structure, and the size became slightly bigger than that of the nanoemulsion without the OMt. For the nanoemulsion with 0.20% w/v G16-2-16 ( Fig. 5e) , the oil droplets maintained a spherical structure with enriched exfoliated OMt dispersed on the oil droplets and between the inter-space of the oil droplets; we hypothesized that the OMt platelets were exfoliated in situ during nanoemulsion preparation; upon the addition of more OMt (6.8 Â 10 À3 % w/v) to the nanoemulsions with 0.15% w/v G16-2-16 ( Fig. 5c) , the size of the oil droplets decreased; this could be attributed to extrusion by the OMt lamellar layers distributed in the droplet inter-space during water evaporation. For the nanoemulsions with 0.20% w/v G16-2-16 ( Fig. 5f) , a further increase in the amount of OMt resulted in the aggregation of the oil droplets into larger spherical clusters.
Droplet size and long-term stability
The droplet size and distributions in the nanoemulsions with varying OMt and surfactant concentrations were determined by dynamic light scattering (DLS) using the Malvern Zetasizer ZS instrument at 25 C, and the results are shown in Fig. 6 . For the nanoemulsions with 0.15% w/v G16-2-16, as shown in Fig. 6a , the average diameter and particle dispersion index (PDI) Fig. 2 FTIR spectra of (a) Na-MMT and (b) OMt.
gradually increased with an increase in the amounts of OMt. For the nanoemulsions with 0.20% w/v G16-2-16 ( Fig. 6b) , the average diameter and particle dispersion index (PDI) increased signicantly with the addition of OMt. We can see that the result of DLS is consistent with the result of TEM. Aer storage for 90 days, a white occule was observed on top of all the nanoemulsions. For the nanoemulsions with OMt, the white occules were more obvious, indicating that a creaming process had occurred (Fig. S2 †) . Furthermore, for the nanoemulsions with 0.15% w/v G16-2-16 and 3.4 Â 10 À3 % w/v OMt, a white precipitate could be observed at the bottom of the bottle. By combining these results with those of the TEM, we can deduce that the white precipitate is OMt dispersed in the bulk phase. The samples were then shaken and diluted with water, and then, size measurements were conducted to evaluate the longterm stability of the nanoemulsion. Fig. 7a and b show the comparison between the nanoemulsion (with 0 and 3.4 Â 10 À3 % w/v OMt) droplet sizes for the newly prepared nanoemulsion and that stored for 90 days, and the results show that the droplet sizes for all the nanoemulsions signicantly increase aer storage for 90 days. This indicated that the Ostwald ripening process had occurred, and we deduced that the creaming process was caused by Ostwald ripening.
Interfacial tension
The interfacial tensions (IFTs) of the nanoemulsions as a function of time were measured at 45 C, and the results are shown in Fig. 8 . For the systems with 0.15% w/v G16-2-16, the interfacial tension of the oil/nanoemulsion reduced at a much more rapid rate upon the addition of 3.4 Â 10 À3 % w/v OMt. In only $900 s, ultralow interfacial tension (10 À3 mN m À1 ) could be achieved; on further increasing the OMt addition amount to 6.8 Â 10 À3 % w/v, the rate of reduction of the interfacial tension of the nanoemulsion reduced; however, the equilibrium interfacial tension was still lower than that of the emulsion without OMt (Fig. 8a) . For the systems with 0.20% w/v G16-2-16, the nanoemulsion with the loading of 3.4 Â 10 À3 % w/v OMt retained the highest interfacial tension value over the whole test (2000 s, Fig. 8b ) as compared to the emulsions with 0 and 6.8 Â 10 À3 % w/v OMt.
Upon comparing the nanoemulsion with 0.15 wt% and that with 0.20 wt% G16-2-16, it was found that the former displayed lower interfacial tension value at equilibrium (Table S2 in the ESI †); to conrm these results, the interfacial tension measurement for each nanoemulsion was repeated, and the results showed good reproducibility.
Light transmission variation with temperature
During the experiment, we observed that the light transmission of the nanoemulsions varied with temperature, and the process of transmission variation was reversible. To better observe the transmission variations, we used Turbiscan Lab Expert (Formulaction, France) to monitor the transmission signal of the nanoemulsions at different temperature. The measurement principle has been stated in previous studies. 29, 30 The transmission prole of the nanoemulsions is shown in Fig. 9 . The horizontal axis represents measurement time (in hours), and the vertical axis represents the intensity of light transmission in percentage (Fig. 9a ) and the measurement temperature (Fig. 9b) . For all the nanoemulsions, it is obvious that the transmission of the nanoemulsions has a maximum value around 45 C. For the curves A and C, the intensity of the transmission underwent a signicant increase as the temperature increased from 30 to 45 C; however, for the curves B and D, as the temperature increased from 30 to 45 C, the transmission variation was not very evident.
To explore the interaction of the OMt with the nanoemulsion droplets, we conducted TEM measurements of the nanoemulsions at 45 C and 60 C. Before TEM measurements, the nanoemulsions were equilibrated at 45 C and at 60 C for 20 h.
The TEM results are shown in Fig. 10 and 11 . For the nanoemulsions without OMt (Fig. 10a, b and 11a, b) , we can see that the droplet size of the nanoemulsions increases with the increasing temperature, and the droplets maintain their spherical shape. We deduced that this was due to the Brij 30 solute in the oil droplets. The results of the light transmission suggest that the droplets of the nanoemulsions achieve minimum size at 45 C. It can be determined that the nanoemulsions in water are formed by two parts, i.e., the oil droplets and the hydrophilic surface. For the nanoemulsions with 3.4 Â 10 À3 % w/v OMt (Fig. 10c, d and 11c, d ), the microstructures were quite different. Specically, for the nanoemulsions with 0.15% w/v G16-2-16 at 45 C, some of the droplets were joined together by the OMt layers; this resulted in a change in the shape of the droplets. As the temperature increased to 60 C, more OMt layers adsorbed on the droplets, and the spherical droplets were elongated. For the nanoemulsions with 0.20% w/v G16-2-16 at 45 C, most of the OMt layers were adsorbed on the oil droplets, and the size of the droplets seemed unchanged. On further increasing the temperature to 60 C, the size of the droplets increased signicantly, and the OMt distributed on the droplets before immediately gathering in the middle of the droplets; next, by combining the results of the interfacial tension measurements, TEM, and previously reported studies, [19] [20] [21] we could conclude that certain HLB of OMt might act as particle surfactants that absorbed on the crude oil/water interface and signicantly reduced the interfacial tension (similar to the case of the nanoemulsion C). In other situations, the OMt may prefer to absorb on the surface of the droplets of the nanoemulsion and consume more surfactant such as in the case of nanoemulsion D; this results in an increase in the crude oil/water interfacial tension.
Conclusions
Herein, positively charged nanoemulsions stabilized by mixed cationic-nonionic surfactants and OMt were prepared by a lowenergy PIC method. The inuence of organically intercalated montmorillonites on the interfacial tension and the microstructure of the O/W nanoemulsions was investigated. The weak surfactant-NP interaction affects the microstructure of the nanoemulsions and results in a change in their properties such as the O/W interfacial tension, zeta potential, conductivity, and micro-structure. At the concentration of 0.15% w/v G16-2-16, an ultralow interfacial tension (IFT) of O/W could be achieved in a much shorter time for the nanoemulsions with 3.4 Â 10 À3 % w/v OMt than for those without OMt. However, at the concentration of 0.2% w/v G16-2-16, the interfacial tension of O/ W increased upon the addition of 3.4 Â 10 À3 % w/v OMt. In addition, light transmission measurements showed that the transmission of the nanoemulsions varied with temperature, and the process was reversible. The mechanisms of these phenomena were analyzed and conrmed by TEM. The synergistic effects of OMt with the G16-2-16 surfactant may have signicant potential applications in the eld of enhanced oil recovery.
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